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1
BIOMASS SOLID FUEL

This application 1s the U.S. National Phase under 35
U.S.C. § 371 of International Application No. PCT/JP2017/
013990, filed Apr. 3, 2017, designating the U.S., and pub-
lished 1n Japanese as WO 2017/175733 on Oct. 12, 2017,
which claims priority to Japanese Patent Application No.
2016-076441 filed Apr. 6, 2016, the entire contents of which

are 1ncorporated herein by reference.

TECHNICAL FIELD

The present invention relates to a biomass solid fuel.

BACKGROUND ART

In the past, solid fuels obtained by molding wood-based
biomasses are known. However, they have problems that
handling thereotf 1s dithicult because they disintegrate when
exposed to rain water and the like during outdoor storage,
and also COD (chemical oxygen demand) of discharged
water increases due to the elution of organic substances such
as tar and the like. Therefore Patent Document 1 discloses a
solid fuel obtained by performing molding and heating after
steam exploding a plant-based starting material, in which the
obtained solid fuel does not disintegrate when exposed to
rain water and the like during outdoor storage although a
binder and the like 1s not used, and in addition, the elution
of tar component 1s prevented and COD 1n a discharged
water 1s reduced.

CITATION LIST
Patent Document

Patent Document 1: W0O2014/087949 pamphlet

SUMMARY OF INVENTION

Technical Problem

However the above prior art technology requires a step of
steam explosion process, leading to increase in cost.

The present invention has been made to solve this prob-
lem, and the object thereof 1s to provide a biomass solid tuel
which has low disintegration property and achieves a
reduced COD i discharged water when exposed to rain
water and the like, while suppressing an increase 1n cost.

Solution to Problem

A biomass solid fuel of the present invention 1s a biomass
solid fuel obtained by molding pulverized biomass particles
ol a raw material, and mutual bonding or adhesion between
the pulverized biomass particles 1s maintained after immer-
sion 1n water.

Tect of Invention

Advantageous E

According to the present mvention, there 1s provided a
biomass solid fuel which has low disintegration property and
achieves a reduced COD 1n discharged water when exposed
to rain water, while suppressing an increase in cost, without
the use of steam explosion process and a binder or the like.

BRIEF DESCRIPTION OF DRAWING

FIG. 1 1s a graph showing BET specific surface areas of
the solid fuels.
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FIG. 2 1s a graph showing an average pore diameter of the
surface of the solid fuels.

FIG. 3 1s a graph showing a total pore volume of the
surface of the solid fuels.

FIG. 4 1s a diagram showing (estimated) mechanism of
the development of solid cross-links 1n PBT.

FIG. 5 1s a chart showing the results of FT-IR analysis of
the outer surface of pellets of the solid fuels.

FIG. 6 1s a chart showing the results of FI-IR analysis of
the cross-sectional center of pellets of the solid fuels.

FIG. 7 1s a chart showing the results of FT-IR analysis of
acetone extract solution of the solid fuels.

FIG. 8 1s a chart showing the results of FT-IR analysis of
the solid of solid fuels after acetone extract.

FIG. 9 15 a chart showing the results of GC-MS analysis
ol acetone extract solution of the solid fuels.

FIG. 10 1s a photograph showing the shape of a pellet after
the solid fuels are immersed 1n physiological saline solution.

FIG. 11 1s a diagram showing the distribution of sodium
betore and after the solid fuels are immersed 1n physiologi-
cal saline.

FIG. 12 1s a graph showing TG of the solid fuels.

FIG. 13 1s a graph showing DTA of the solid fuels.

FIG. 14 1s a graph showing the results of disintegration
test of the solid fuel e.

FIG. 15 1s a graph showing the results of disintegration
test of the solid fuel 1.

DESCRIPTION OF EMBODIMENT

The biomass solid fuel of the present mmvention 1s a
biomass solid fuel obtained by molding pulverized biomass
particles of a raw material, and mutual bonding or adhesion
between the pulverized biomass particles 1s maintained after
immersion 1n water.

One embodiment of the biomass solid fuel of the present
invention has a fuel ratio ({ixed carbon/volatile matter) of
preferably 0.15 to 1.50, more preterably 0.17 to 1.50, further
preferably 0.20 to 1.50, a dry-basis higher heating value of
preferably 4500 to 7000 (kcal/kg), more preferably 4700 to
7000 (kcal/kg), a molar ratio of oxygen O to carbon C (O/C)
of preterably 0.1 to 0.7, and a molar ratio of hydrogen H to
carbon C (H/C) of preferably 0.70 to 1.40. If the biomass
solid fuel has the physical properties within the above
ranges, COD of a discharged water during storage can be
reduced, disintegration can be reduced and handleability
during storage can be improved. The solid fuel of the present
invention 1s a molded solid product obtained by the steps
including a molding step of compressing and molding
biomass that has been crushed and pulverized to a state of
debris or powder 1nto biomass blocks, and a heating step of
heating the biomass blocks after the molding step. The
molded solid product 1s used as a fuel (corresponding to PBT
mentioned below). The biomass solid fuel of the present
invention having preferable properties (for example, water
resistance and grindability) can be obtained by adjusting, for
example, tree species of the biomass used as a raw matenial,
parts of these, and heating temperature (sometimes referred
to as solid temperature in the figures) in the heating step and
the like. Proximate analysis (industrial analysis) value, ulti-
mate analysis (elemental analysis) value, and higher heating
value 1n the present specification are based on JIS M 8812,
8813, and 8814.

One embodiment of the biomass solid fuel of the present
invention 1s a product by molding pulverized biomass par-
ticles of a raw material comprising at least one selected from
the group consisting of rubber tree, acacia, meranti, euca-
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lyptus and teak, or pulverized biomass particles of a raw
material of a mixture of larch, spruce and birch. Larch,
spruce, and birch may be used alone as raw material
biomass, but mixtures thereol are preferred. The biomass
solid fuel 1s a molded solid product obtained by the steps
including a molding step of compressing and molding
biomass that has been crushed and pulverized to a state of
debris or powder 1nto biomass blocks, and a heating step of
heating the biomass blocks. The molded and heated solid
product 1s used as a fuel (corresponding to PBT mentioned
below). Since the biomass solid fuel of the present invention
does not require a step of steam explosion and the use of a
binder, the cost increase 1s suppressed. Herein, biomass as a
raw material 1s also simply referred to as “raw material™ or
“biomass”, the biomass blocks obtained by molding process
before the heating step are also referred to as “unheated
biomass blocks”, and biomass solid fuel 1s also simply
referred to as “solid fuel”.

In addition, raw materials may further comprise another
tree species other than the above. In one embodiment of the
present invention, the total content of rubber tree, acacia,
meranti, eucalyptus, teak, larch, spruce and birch 1s prefer-
ably 50% by weight or more, more preferably 80% by
welght or more, and may be 100% by weight in the total
weight of biomass raw materials.

As described above, the biomass solid fuel of the present
invention 1s produced by a method comprising a molding
step and a subsequent heating step. In the molding step, the
biomass blocks are formed by using known molding tech-
niques. The biomass blocks are preferably 1n a form of pellet
or briquette, and the size thereof 1s arbitrary. In the heating
step, the molded biomass blocks are heated.

In a biomass solid fuel obtained after the heating step, the
COD (Chemical Oxygen Demand) of an immersion water
used for water immersion 1s preferably 3,000 ppm or less. In
addition, COD ratio represented by (COD of biomass solid
tuel after the heating step/COD of unheated biomass solid
tuel) of the biomass solid fuel 1s preferably 1.00 or less, and
more preferably 0.98 or less. Here, the COD (Chemical
Oxygen Demand) of an immersion water used for water
immersion of a biomass solid fuel (simply, may be referred
to as “COD”) means a COD value assayed 1n accordance
with JIS K0102(2010)-17 for a sample of immersion water
tor COD determination prepared in accordance with Japan
Environment Agency Announcement No. 13 “(A) a method
for detecting a metal or the like contained in an industrial
waste”, 1973.

The biomass solid fuel obtained after the heating step has
a Hardgrove grindability index (HGTI) in accordance with JIS
M 8801 of preferably 15 or more and 70 or less, and more
preferably 20 or more and 60 or less. BET specific surface
area thereof is preferably 0.11 m?g to 0.80 m*/g, more
preferably 0.15 m*/g to 0.80 m*/g, further preferably 0.3 to
0.8 m*/g, and still further preferably 0.3 to 0.7 m*/g. The
equilibrium moisture content after immersion 1n water 1s
preferably 10 to 65 wt %, more preferably 15 to 65 wt %,
turther preferably 15 to 50 wt %, and still further preferably
15 to 45 wt %.

The method of manufacturing a biomass solid fuel of the
present invention comprises a molding step of molding
pulverized biomass particles of the biomass that has been
crushed and pulverized to obtain unheated biomass blocks,
and a heating step ol heating the unheated biomass blocks
whereby providing a heated solid product, wherein the
heating temperature 1n the heating step 1s preferably 150° C.
to 400° C. With the temperature of the heating step within
the above range, the biomass solid fuel having the above
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properties can be obtained. The heating temperature 1s
appropriately determined depending on biomass raw mate-
rials and the shape and size of biomass blocks, but it 1s
preferably 150 to 400° C., more preterably 200 to 350° C.,
turther preferably 230 to 300° C., particularly preferably 230
to 290° C. The heating time i1n the heating step i1s not
particularly limited, but 1t 1s preferably 0.2 to 3 hours.

The particle size of the pulverized biomass particles 1s not
particularly limited, but the average size 1s preferably about
100 to 3000 um, and more preferably 400 to 1000 um. As the
method of measuring the particle size of the pulverized
biomass particles, known measurement methods may be
used. Since mutual bonding or adhesion between the pul-
verized biomass particles 1s maintained by solid cross-
linking 1n the biomass solid fuel (PBT) of the present
invention as described below, the particle size of the pul-
verized biomass particles 1s not particularly limited as long
as 1t 1s within a moldable range. Further, since the fine
pulverization becomes a cause of cost increase, the particle
s1ze may be within a known range as long as both of cost and
moldability can stand together.

When A denotes the bulk density of the unheated biomass
blocks before heating step and B denotes the bulk density of
the heated solid product after the heating step, 1t 1s preferred
that B/A=0.6 to 1. The value of the bulk density A 1s not
particularly limited as long as 1t 1s within such a known
range that unheated biomass blocks can be obtained by
molding the pulverized biomass particles. The bulk density
varies depending on the kind of biomass raw materials, and
thus it may be appropnately set. The bulk density can be
measured by the method described in Examples later. When
H1 denotes HGI (Hardgrove grindability index of JIS
M8801) of unheated biomass blocks and H2 denotes HGI of
heated solid products, it 1s preferred that the H2/HI1=1.1 to
4.0 1s satisfied, and more preferred that it 1s 1.1 to 2.5. By
performing the heating so that one or both of the values of
B/A (bulk density ratio) and H2/H1 (HGI ratio) 1s within the
ranges, 1t 1s possible to obtain a biomass solid fuel having
improved handleability during storage by reducing disinte-
gration while reducing the COD 1n the discharged water
during storage.

In the solid fuel of the present invention, the expansion
ratio of the length and/or diameter before and after immer-
sion 1n water 1s preferably 20% or less, the volume expan-
s10n ratio 1s preferably 173% or less, more preferably 160%
or less. It 1s more preferable that the expansion ratios of the
diameter and the length are 15% or less and the volume
expansion ratio 1s about 152% or less. It 1s further preferable
that the expansion ratios of the diameter and the length are
13% or less and the volume expansion ratio 1s about 140%
or less. It 1s further preferable that the expansion ratios of the
diameter and the length 1s 11% or less and the volume
expansion ratio 1s about 137% or less. It 1s still further
preferable that the length expansion ratio 1s 10% or less. As
described above, since the expansion ratios after immersion
in water are within a certain range, the biomass solid fuel of
the present invention does not disintegrate even by immer-
s10n, showing that 1t has water resistance. The length expan-
sion ratio, the diameter expansion ratio and the volume
expansion ratio can be measured by the method described 1n
the Examples.

Herein, characteristics of the biomass solid fuel may be
determined in a preferable range depending on tree species
of biomass used as a raw material. Heremafiter, preferred
ranges will be described about species of biomass raw
materials used in the present invention, properties of the
obtained solid fuels (corresponding to PBT as mentioned
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below) and their manufacturing method, respectively, but
these are merely examples and the present mnvention 1s not
limited thereto.

[Species of Biomass Raw Material and Properties of Solid
Fuel]

(Rubber Tree: Solid Fuel a)

As an aspect of the present invention, when a raw material
1s rubber tree, the properties of a biomass solid fuel (here-
inafter, may be referred to as a solid fuel a) 1s as follows.

COD thereotf 1s preferably 2500 ppm or less, more pref-
erably 1100 ppm or less, Turther more preferably 600 ppm or
less, and COD ratio thereof 1s preferably 1.00 or less, more
preferably 0.60 or less, and further more preferably 0.55 or
less.

The equilibrium moisture content after immersion in
water thereol (corresponding to a moisture content of the
solid as described 1n the Examples) 1s preferably 15 wt % to
45 wt %, more preferably 15 wt % to 40 wt %, and further
more preferably 15 wt % to 32 wt %.

The BET specific surface area thereof 1s preferably 0.43
m~/g to 0.80 m*/g, more preferably 0.44 m*/g to 0.80 m*/g,
and further more preferably 0.47 m*/g to 0.80 m*/g.

The HGI thereot 1s preferably 30 to 70, more preferably
35 to 70, and further more preferably 45 to 70. HGI ratio
(described later) 1s preferably 1.5 to 4.0, more preferably 2.0
to 4.0, and further more pretferably 2.5 to 4.0.

The fuel ratio thereot 1s preferably 0.20 to 1.50, and more
preferably 0.25 to 1.50.

The dry-basis higher heating value thereof 1s preferably
4’700 to 7000 kcal/kg, more preterably 5000 to 7000 kcal/kg,
and further more preferably 5100 to 7000 kcal/kg.

The molar ratio of oxygen O to carbon C (O/C) thereof 1s
preferably 0.10 to 0.65, more preferably 0.15 to 0.60. The
molar ratio of hydrogen H to carbon C (H/C) thereof 1s
preferably 0.70 to 1.38, and more preferably 0.70 to 1.35.

The diameter expansion ratio thereot 1s preferably 20% or
less, more preterably 15% or less, and further more prefer-
ably 5% or less.

The length expansion ratio thereof 1s preterably 10% or
less, more preferably 7% or less, and further more preferably
4% or less.

The volume expansion ratio thereof 1s preferably 158% or
less, more preferably 142% or less, and further more pret-
erably 115% or less.

The foregoing description 1s the preferred range of prop-
erties of the solid fuel a.

In addition, when manufacturing the solid fuel a, the
heating temperature in the heating step 1s preferably 230 to

350° C., more preferably 250 to 300° C., and further more
preferably 255 to 290° C.

(Acacia: Solid Fuel b)

As an aspect of the present invention, when a raw material
1s acacia xylem part, the properties of a biomass solid tuel
(hereinafter, may be referred to as a solid fuel b) 1s as
follows.

COD thereof 1s preferably 400 ppm or less, more prefer-
ably 350 ppm or less, further more preferably 250 ppm or
less, and COD ratio thereof 1s preferably 1.00 or less, more
preferably 0.98 or less, and further more preferably 0.81 or
less.

The equilibrium moisture content after immersion in
water thereol 1s preferably 15 wt % to 30 wt %, more
preferably 18 wt % to 27 wt %, and further more preferably
18 wt % to 24 wt %.

The HGI thereot 1s preferably 20 to 70, more preferably
35 to 65, and further more preferably 40 to 65.
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The BET specific surface area thereof i1s preferably 0.32
m-~/g to 0.60 m*/g, more preferably 0.35 m*/g to 0.60 m?/g,
and further more preferably 0.35 m*/g to 0.55 m*/g.

The fuel ratio thereof 1s preferably 0.21 to 0.90, more
preferably 0.21 to 0.88, and further more preferably 0.21 to
0.85.

The dry-basis higher heating value thereof i1s preferably
4790 to 7000 kcal/kg, more preterably 4800 to 7000 kcal/kg,

and further more preferably 4900 to 63500 kcal/kg.
The molar ratio of oxygen O to carbon C (O/C) thereof 1s

preferably 0.25 to 0.62, more preferably 0.28 to 0.61, and
further more preferably 0.30 to 0.61.

The molar ratio of hydrogen H to carbon C (H/C) thereot
1s preferably 0.80 to 1.30, more preferably 0.90 to 1.30, and
further more preferably 0.90 to 1.29.

The diameter expansion ratio thereot 1s preferably 15% or
less, more preferably 9% or less, and further more preferably
7% or less.

The length expansion ratio thereof 1s preterably 8% or
less, more preferably 5% or less, and further more preferably
4% or less.

The volume expansion ratio thereot 1s preferably 143% or
less, more preferably 127% or less, and further more pret-
erably 119% or less.

The foregoing description 1s the preferred range of prop-
erties of the solid fuel b.

In addition, when manufacturing the solid fuel b, the

heating temperature 1n the heating step 1s preferably 200 to
350° C., more preferably 220 to 300° C., and further more

preferably 230 to 290° C.

(Meranti: Solid Fuel ¢)

As an aspect of the present invention, when a raw material
1s meranti, the properties of a biomass solid fuel (heremafter,
may be referred to as a solid fuel ¢) 1s as follows.

COD thereot 1s preferably 550 ppm or less, more prefer-
ably 500 ppm or less, further more preferably 300 ppm or
less, and COD ratio thereot 1s preferably 0.98 or less, more
preferably 0.89 or less, and further more preferably 0.54 or
less.

The equilibrmum moisture content aifter immersion 1n
water thereol 1s preferably 15 wt % to 30 wt %, more
preferably 15 wt % to 27 wt %, and further more preferably
17 wt % to 26 wt %.

The HGI thereof 1s preferably 25 to 70, more preferably
30 to 70, and further more preferably 30 to 60.

The BET specific surface area thereof 1s preferably 0.30
to 0.45 m*/g, more preferably 0.30 to 0.41 m*/g, and further
more preferably 0.33 to 0.40 m®/g.

The fuel ratio thereof 1s preferably 0.19 to 0.80, more
preferably 0.20 to 0.80, and further more preferably 0.20 to
0.50, and particularly preferably 0.21 to 0.5.

The dry-basis higher heating value thereof i1s preferably
4800 to 7000 kcal/kg, more preterably 4800 to 6500 kcal/kg,
and further more preferably 4900 to 6000 kcal/kg.

The molar ratio of oxygen O to carbon C (O/C) thereof 1s
preferably 0.30 to 0.62, more preferably 0.30 to 0.61, and
further more preferably 0.35 to 0.61.

The molar ratio of hydrogen H to carbon C (H/C) thereot
1s preferably 0.90 to 1.30, more preferably 0.95 to 1.30, and
further more preferably 1.00 to 1.30.

The diameter expansion ratio thereof 1s preferably 15% or
less, more preferably 12% or less, and further more prefer-
ably 10% or less.

The length expansion ratio thereof 1s preferably 10% or
less, more preferably 8% or less, and further more preferably
6% or less.
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The volume expansion ratio thereof 1s preferably 145% or
less, more preferably 135% or less, and further more pret-
erably 128% or less.

The foregoing description 1s the preferred range of prop-
erties of the solid fuel c.

In addition, when manufacturing the solid fuel c, the
heating temperature in the heating step 1s preferably 200 to

350° C., more preferably 220 to 300° C., and further more
preferably 230 to 290° C.

(Eucalyptus: Solid Fuel d)

As an aspect of the present invention, when a raw material
1s a cucalyptus, the properties of a biomass solid fuel
(hereinafter, may be referred to as a solid fuel d) 1s as
follows.

COD thereof 1s preferably 900 ppm or less, more prefer-
ably 800 ppm or less, further more preferably 6350 ppm or
less, and COD ratio thereof 1s preferably 0.95 or less, more
preferably 0.84 or less, and further more preferably 0.68 or
less.

The equilibrium moisture content after immersion in
water thereol (corresponding to a moisture content of the
solid 1n the Examples) 1s preferably 13 wt % to 25 wt %,
more preferably 15 wt % to 24 wt %, and further more
preferably 15 wt % to 23 wt %.

The BET specific surface area thereof 1s preferably 0.135
m~/g to 0.210 m*/g, more preferably 0.140 m*/g to 0.210
m~/g, and further more preferably 0.150 m®/g to 0.195 m*/g.

The HGI thereot 1s pretferably 25 to 50, more preferably
2’7 to 45, and further more preferably 30 to 40. HGI ratio
(described later) 1s preferably 1.1 to 4.0, more preferably 1.4
to 2.3, and further more preferably 1.5 to 2.0.

The fuel ratio thereof 1s preferably 0.18 to 0.60, more
preferably 0.19 to 0.50, and further more preferably 0.23 to
0.44.

The dry-basis higher heating value thereof 1s preferably
4690 to 6000 kcal/kg, more preterably 4900 to 5700 kcal/kg,
and further more preferably 5000 to 5600 kcal/kg.

The molar ratio of oxygen O to carbon C (O/C) thereof 1s
preferably 0.35 to 0.65, more preferably 0.40 to 0.63, and
tfurther more preferably 0.45 to 0.59. The molar ratio of
hydrogen H to carbon C (H/C) thereof 1s preferably 1.00 to
1.24, more preferably 1.05 to 1.24, and further more pret-
erably 1.05 to 1.169.

The diameter expansion ratio thereof 1s preferably 8.0%
or less, more preferably 7.0% or less, and further more
preferably 6.0% or less.

The length expansion ratio thereof 1s preferably 6.0% or
less, more preferably 5.5% or less, and further more pret-
erably 4.5% or less.

The volume expansion ratio thereof 1s preferably 127% or
less, more preferably 121% or less, and further more pret-
erably 117% or less.

The foregoing description 1s the preferred range of prop-
erties of the solid fuel d.

In addition, when manufacturing the solid fuel d, the
heating temperature 1n the heating step 1s preferably 200 to

350° C., more preferably 220 to 300° C., and further more
preferably 231 to 265° C.

(Teak: Solid Fuel ¢)

As an aspect of the present invention, when a raw material
1s teak, the properties of a biomass solid fuel (heremafter,
may be referred to as a solid fuel e) 1s as follows.

COD thereof 1s preferably 1500 ppm or less, more pret-
erably 1200 ppm or less, further more preferably 1000 ppm
or less, and COD ratio thereof 1s preferably 0.75 or less,
more preferably 0.60 or less, and further more preferably

0.50 or less.
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The equilibrmum moisture content aifter immersion 1n
water thereof (corresponding to a moisture content of the
solid 1n the Examples) 1s preferably 15 wt % to 30 wt %,
more preferably 17 wt % to 29 wt %, and further more
preferably 17 wt % to 28 wt %.

The BET specific surface area thereolf is preferably 0.355
m>/g to 0.550 m*/g, more preferably 0.425 m>/g to 0.530
m~/g, and further more preferably 0.430 m*/g to 0.490 m*/g.

The HGI thereof 1s preferably 21 to 45, more preferably

22 to 40, and further more preferably 25 to 38. HGI ratio
(described later) 1s preferably 1.1 to 4.0, more preferably 1.1

to 2.0, and further more preferably 1.3 to 1.9.
The fuel ratio thereof 1s preferably 0.23 to 0.60, more
preferably 0.27 to 0.55, and further more preferably 0.27 to

0.49.

The dry-basis higher heating value thereof i1s preferably
4600 to 6000 kcal/kg, more preterably 4780 to 5500 kcal/kg,
and further more preferably 4800 to 53350 kcal/kg.

The molar ratio of oxygen O to carbon C (O/C) thereof 1s
preferably 0.40 to 0.65, more preferably 0.40 to 0.58, and
turther more preferably 0.45 to 0.358. The molar ratio of
hydrogen H to carbon C (H/C) thereof 1s preferably 1.0 to
1.3, more preferably 1.05 to 1.26, and further more prefer-
ably 1.10 to 1.25.

The diameter expansion ratio thereotf i1s preferably 15.0%
or less, more preferably 12.0% or less, and further more
preferably 11.0% or less.

The length expansion ratio thereof 1s preferably 6.0% or
less, more preferably 4.5% or less, and further more pret-
crably 4.0% or less.

The volume expansion ratio thereof 1s preferably 140% or
less, more preferably 131% or less, and further more pret-
erably 128% or less.

The foregoing description 1s the preferred range of prop-
erties of the solid fuel e.

In addition, when manufacturing the solid fuel e, the
heating temperature in the heating step 1s preferably 200 to
350° C., more preferably 230 to 300° C., and further more
preferably 235 to 269° C.

(Mixture of Larch, Spruce and Birch: Solid Fuel 1)

As an aspect of the present invention, when a raw material
1s a mixture of larch, spruce and birch, the properties of a
biomass solid fuel (heremnatter, may be referred to as a solid
fuel 1) 1s as follows. Although the mixing ratio of larch,
spruce and birch i1s not particularly limited, they may be
mixed at a weight ratio of larch:spruce:birch=30 to 70: 25 to
65: 0 to 25.

COD thereof 1s preferably 1200 ppm or less, more prei-
erably 1000 ppm or less, further more preferably 850 ppm
or less, and COD ratio thereof 1s preferably 0.33 or less,
more preferably 0.28 or less, and further more preferably
0.24 or less.

The equilibrmum moisture content aifter immersion 1n
water thereol 1s preferably 15 wt % to 30 wt %, more
preferably 15 wt % to 28 wt %, and further more preferably
15 wt % to 27 wt %.

The BET specific surface area thereof 1s preterably 0.1350
m~/g to 0.250 m*/g, more preferably 0.160 m*/g to 0.250
m~/g, and further more preferably 0.170 m®/g to 0.250 m*/g.

The HGI thereof 1s preferably 18 to 45, more preferably
21 to 40, and further more preferably 22 to 35. HGI ratio
(described later) 1s preferably 1.1 to 4.0, more preferably 1.2
to 2.4, and further more preferably 1.2 to 2.2.

The fuel ratio thereotf 1s preferably 0.165 to 0.35, more
preferably 0.17 to 0.35, and further more preferably 0.18 to
0.30.
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The dry-basis higher heating value thereof 1s preferably
4800 to 6000 kcal/kg, more preterably 4900 to 5700 kcal/kg,

and further more preferably 5000 to 5300 kcal/kg.
The molar ratio of oxygen O to carbon C (O/C) thereof 1s
preferably 0.45 to 0.64, more preferably 0.47 to 0.62, and

turther more preferably 0.50 to 0.61. The molar ratio of
hydrogen H to carbon C (H/C) thereof 1s preferably 1.0 to
1.3, more preferably 1.1 to 1.3, and turther more preferably
1.10 to 1.29.

The diameter expansion ratio thereot 1s preferably 15.0%
or less, more preferably 13.0% or less, and further more
preferably 10.0% or less.

The length expansion ratio thereof 1s preferably 7.0% or
less, more preferably 6.0% or less, and further more pret-
erably 4.5% or less.

The volume expansion ratio thereotf 1s preferably 142% or
less, more preferably 135% or less, and further more pret-

erably 126% or less.

The foregoing description 1s the preferred range of prop-
erties of the solid fuel 1.
In addition, when manufacturing the solid fuel 1, the

heating temperature in the heating step 1s preferably 200 to
350° C., more preferably 230 to 310° C., and further more
preferably 240 to 300° C.

The inventors of the present invention presume that, in the
method of manufacturing the biomass solid fuel, because the
method has such an order of the steps that the heating step
ol heating the unheated biomass blocks 1s performed after
the molding step, mutual bonding or adhesion between the
pulverized biomass particles 1s maintained by using com-
ponents originated from the raw material biomass without
using a binder, which enables the production of biomass
solid fuels having high water-resistant which do not disin-
tegrate by immersion in water. According to the analysis of
the present inventors, the following findings are obtained
regarding the mechanism that the biomass solid fuels
acquire water resistance.

The present inventors performed FT-IR analysis, GC-MS
analysis, and SEM observation about three types of biomass
solid fuels manufactured by different production methods,
specifically an unheated solid fuel obtained by molding
pulverized biomass particles (White Pellet: may be referred
to as “WP”), and a solid fuel obtained by heating after
molding pulverized biomass particles (Pelletizing Before
Torrefaction; may be referred to as “PBT”), and analyzed the
mechamism of water resistance of the biomass solid fuels.
Herein, binders were not used either in WP or PBT. FIGS.
5 to 8 show examples of the results of FI-IR analysis of
biomass solid fuels, and FIG. 9 shows the result of GC-MS
analysis of acetone extract solution of biomass solid fuel ({or
details, refer to Examples).

First, acetone extracts of the respective solid fuels were
analyzed by F'T-IR. In the PBT obtained through the heating
step, content of hydrophilic COOH groups 1s 1n small, but
content of C—C bond 1s large as compared with the
unheated WP. This suggests that the chemaical structure of
the components constituting the biomass has changed and
has become hydrophobic by heating.

In addition, the acetone extract components of the respec-
tive solid fuels were analyzed by GC-MS analysis. It 1s
suggested that terpenes such as abietic acid and derivatives
thereol (hereinafter, may be referred to as “abietic acid and
the like”) have thermally decomposed by heating, and this
fact relates to the water resistance of the biomass solid fuel.
The abietic acid and the like are main components of rosins
contained 1n pine and the like.
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FIG. 4 1s a diagram 1illustrating a (estimated) mechanism
of the development of solid cross-linking 1n PBT. In the case
of PBT, 1n the heating step after the molding step, melted
liquid of the abietic acid elutes 1n the gap between biomass
(the gap between adjacent pulverized biomass particles that
have been compacted by molding after pulverizing; herein
the biomass may be also referred to as “pulverized bio-
mass’’) with the rise of temperature, and the evaporation and
thermal decomposition of abietic acid take place to form
hydrophobic maternials, which are fixed in the gap between
the pulverized biomass particles to develop cross-linkage
(solid cross-linkage). Thus, without the addition of a binder,
mutual bonding or adhesion between the pulverized biomass
particles 1s maintained by the abietic acid and the like
derived from biomass raw material. Thus, 1t 1s speculated
that because pulverized biomass particles are connected or
bonded to each other to prevent water penetration, water
resistance 1s 1mproved.

On the other hand, 1n the case of WP which 1s unheated
and obtained only by molding pulverized biomass particles,
no solid cross-linkage of the pulverized biomass between
powder particles exists unlike the above PBT. Since there
are a lot of hydrophilic COOH group and the like on the
surface of raw pulverized biomass particles constituting the
WP, water easily enters. The penetrated water expands the
gap between the pulverized biomass particles wider, and
thus, the molded pellets and the like disintegrate easily.

Furthermore, 1n the case of solid fuels molded after
heating the pulverized biomass particles (Pelletizing After
Torrefaction; hereinafter may be referred to as PAT), the
individual pulverized biomass particles themselves become
hydrophobic on the surface due to elution of abietic acid eftc.
However, since the pulverizing and molding 1s performed
alter they become hydrophobic by heating, formation of the
cross-linkage between the pulverized biomass particles are
not expected unlike the above PBT. Therefore, 1n the case of
PAT in which heating 1s performed before the molding,
water easily penetrates into the gap between the compacted
pulverized biomass particles, and thus 1t has poor water
resistance as compared with PBT.

The melting point of abietic acid or derivatives thereof 1s
about 139 to 142° C., and the boiling point 1s about 250° C.
Thus, abietic acid and the like melt by heating at temperature
near the melting point to form liquid cross-linkage, and
abietic acid and the like decompose thermally at temperature
near the boiling point to develop the formation of solid
cross-linkage.

It should be noted that terpenes, including abietic acid, are
contained 1 biomass 1n general (see, Hokkaido Forest
Products Research Institute monthly report 171, April 1966,
Public Interest Incorporated Association Japan Wood Pro-
tection Association, “Wood Preservation™ Vol. 34-2 (2008),
etc.). Although there are small differences 1n content
depending on the type of biomass (see, “use of essential o11”,
Ohira Tatsuro, Japan Wood Society the 6th Research Sub-
committee Report p 72, Table 1, Japan Wood Society 1999,
etc.), all of Examples described below showed the genera-
tion of water resistance by heating 230° C. or higher
(disintegration does not occur even alter immersion 1n water,
se¢ Table 2), and therefore 1t 1s considered that the heating
the biomass 1n general at temperature at least 230° C. or
higher to 250° C. or higher provides water resistance.

In addition, 1n the case of PBT, the strength of the solid
fuel 1s 1mproved due to the development of the solid
cross-linking, and therefore 1t 1s presumed that good grind-
ability (HGI, ball mill grindability) and good handleability
(mechanical durability and disintegration tests) 1s obtained
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without the addition of a binder, by heating at least 230° C.
or higher to 250° C. or higher as similar to the water
resistance. As mentioned above, COD 1s reduced when PBT
1s used. This 1s considered because the tar component of the
biomass raw material volatilizes by heating, and at the same
time the solidified abietic acid and the like covers the surface
of solid fuel PBT, which further increases hydrophobicity of
the surface of the solid tuel to prevent the elution of tar
component remaining in the biomass raw material.

EXAMPLE

Hereinafter, the present invention will be specifically
described with reference to Examples, but the present inven-
tion 1s not limited thereto.

In the following Example a to Example 1, biomass solid
tuels were produced by the following production methods,
respectively. The properties and the like of these solid fuels
are shown 1n Table 1 to Table 4.

Example a: Rubber Tree

In the following Examples al to a4 and Comparative
Example a, a biomass solid fuel was produced using a rubber
tree as a biomass raw material as described below.

Example al to Example a4

A biomass solid fuel a (PBT) was obtained through a
molding step of pulverizing biomass after crushing and
molding the pulverized biomass particles, and subsequent
heating step. The binder i1s not used 1n any step. In the
molding process of each Example, the raw material was
molded 1nto a pellet shape with a diameter of 8 mm. In the
heating step of each Example, 4 kg of raw material (molded
biomass) 1s charged in an electric batch furnace having 600
mm diameter and heated to target temperatures (heating
temperature 1n Table 1) in respective Examples with a
heating rate of 2° C./min. Hereinafter, the target temperature
and the heating temperature refer to the same meaning. In
Examples al to a4, temperature was not maintained at the
target temperature (heating temperature) (this also applies to
the following Examples b to 1). Table 1 and Table 2 show the
heating temperature of the heating step 1n Examples al to a4
and the properties of the resulting biomass solid fuel a
obtained aiter the heating step.

Comparative Example a

Comparative Example a 1s an unheated biomass solid fuel
(WP) which 1s obtained only by molding after crushing and
pulverizing, and 1s not through the heating step. A binder 1s
not used also 1n Comparative Example a. Table 1 and Table
2 also show the properties of the resulting solid fuel of
Comparative Example a. In the unheated biomass solid tuel
(WP) of Comparative Example a, after immersing in water
for 168 hours, the pellets disintegrated and thus each prop-
erty cannot be measured.

The analysis method conducted for each biomass solid
tuel 1s described below.
<Before Immersion in Water>

[ Yield]

In Tables 1 and 3, solid yield 1s a weight ratio before and
alter heating (100xdry weight after heating/dry weight
betore heating (%)), and thermal yield i1s a ratio of heating,
value before and after heating (higher heating value after
heating (dry-basis)xsolid yield/higher heating value before
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heating (dry-basis)). As mentioned above, temperature was
not maintained at the target temperature (heating tempera-
ture) 1 each Example.

Furthermore, in Tables 1 and 3, a higher heating value
(dry-basis), a fuel ratio calculated based on proximate analy-
s1s values (air dried basis), and results of ultimate analysis
values (dry-basis) and molar ratios of oxygen O, carbon C
and hydrogen H obtained based on the ultimate analysis.
HGI 1s based on JIS M 8801 as described above, and the
larger value indicates better grindability. HGI ratio 1s cal-
culated by 100xHGTI after heating/HGI before heating (%).
In Table 1, “HHV” 1s a higher heating value (dry-basis),
“FC” 1s a fixed carbon (air dried basis), “VM” 1s a volatile
matter (air dried basis), the fuel ratio 1s a value calculated by
“FC/VM”.

[Ball Mill Grindability]

The pulvernizing time of each biomass solid fuel was 20
minutes, and 150 um sieve-passed weight ratio after 20
minutes was determined as pulvernizing point. Herein, mea-
suring was carried out by using a ball mill conforming to JIS
M4002, wherein into a cylindrical container having an inner

diameter of 305 mmxaxial length of 305 mm, normal grade
ball bearings as defined 1n JIS B13501 (®36.5 mmx43 balls,

?30.2 mmx67 balls, ®24.4 mmx10 balls, ®19.1 mmx71
balls and ®15.9 mmx94 balls) was charged and the con-
tainer was rotated at a speed of 70 rpm. The higher value
indicates that the grindability 1s improved.

|[Dimension Belore Immersion in Water (Diameter and
Length)]

The pellet length (LL1) and the pellet diameter (@1) of each
solid fuel before immersion 1n water were measured. For the
pellet length, ten pellets before the immersion were ran-
domly chosen for each solid fuel, and their length was
measured by an electronic caliper (manufactured by Mitu-
toyo: CD-15CX, repeating precision 1s 0.01 mm and the
second decimal place was rounded.). In case that the pellet
end was diagonal, the length up to the most distal end
portion was measured. The pellet diameter was also mea-
sured using the same electronic caliper. Measured values of
pellet length and pellet diameter are average values of 10
pellets.

[Solid Strength Before and After Immersion in Water
(Mechanical Durability)]

For each solid tuel, mechanical durability DU was deter-
mined based on the following equation 1n accordance with
the United States agriculture industry’s standard ASAE S
269 .4 and German Industrnial Standard DIN EN 15210-1. In
the equation, mO 1s a sample weight before rotation treat-
ment, ml 1s a sieve-on weight of sample after the rotation
treatment, wherein the sieve used was a plate sieve having
circle holes with 3.15 mm diameter.

DU=(m1/m0)x100

| Bulk Density]
For each solid fuel, according to the UK national standard
BS EN15103: 2009, the bulk density BD 1s calculated by the

following formula:
BD=(m2-m1)/V.

For the measurement, a container having an mner diameter
of 167 mmxa height of 228 mm was used. In the formula,
ml 1s a container weight, m2 1s the total of a container
weight and a sample weight, and V 1s a container volume.
[Pore Size Distribution]
(BET Specific Surface Area)
BET specific surface area was determined using an auto-
matic specific surface area/pore size distribution measuring,
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apparatus (Nippon Bell Co., Ltd. BELSORP-min II) for
each solid fuel that had been cut into a size of 2 to 6 mm,
filled 1n a container, and degassed in vacuo for 2 hours at
100° C. as a pretreatment. Nitrogen gas was used as an
adsorption gas. Tables 2 and 4 and FIG. 1 show the rela-
tionship between the temperature and the BET specific
surface area of each solid fuel.

(Average Pore Diameter, Total Pore Volume)

Average pore diameter and total pore volume were mea-
sured using the same equipment used for BET specific
surface area. The term “pore” used herein means cavity
having a diameter of 2 nm to 100 nm. Table 2 shows the
average pore diameter at surface of each solid fuel and Table
3 shows the total pore volume of each solhid fuel.

<After Immersion 1n Water>

Further, Tables 2 and 4 show COD 1n the immersion water
when the biomass solid fuels were immersed 1n water.
Tables 2 and 4 also show the diameter, length, pH, moisture
content of the solid, and mechanical durability after the
biomass solid fuels are immersed 1in water for 168 hours.
Measurement methods for each property are as follows.

[COD]

COD (chemical oxygen demand) in the immersion water
was determined when each biomass solid fuel was immersed
in water. A sample of immersion water for COD determi-
nation was prepared 1n accordance with Japan Environment
Agency Announcement No. 13 “(A) a method for detecting
a metal or the like contained 1n an industrial waste”, 1973,
and COD was analyzed i1n accordance with JIS K0102
(2010)-17.

[Dimension After Immersion in Water (Diameter and
Length)]

The pellet length (I.2) and the pellet diameter (¢2) of each
solid fuel after immersion in water were measured. For the
pellet length, ten pellets before the immersion were ran-
domly chosen for each solid fuel, and their length was
measured by an electronic caliper (manufactured by Mitu-
toyo: CD-15CX, repeating precision 1s 0.01 mm and the
second decimal place was rounded.). In case that the pellet
end was diagonal, the length up to the most distal end
portion was measured. The pellet diameter was also mea-

sured using the same electronic caliper. Measured values of

pellet length and pellet diameter are average values of 10
pellets.

[Expansion Ratio Before and After Immersion in Water]

The pellet length and pellet diameter before and after
immersion 1n water of each solid fuel were measured as
described above and the expansion ratio was calculated.
When the average length of the ten pellets before immersion
in water 1s L1 (mm) and the average length of the same ten
pellets after immersion 1 water for 168 hours 1s L2 (mm),
the length expansion ratio was calculated by the following
formula:

Length expansion ratio (%)={(L2-L1)/L1}x100.

When the average diameter of the ten pellets before

immersion in water 1s ¢l (mm) and the average diameter of

the same ten pellets after immersion in water for 168 hours
1s @2 (mm), the diameter expansion ratio was calculated by
the following formula:

Diameter expansion ratio (%)={(¢@2-¢l)/¢l }x100.

When the length expansion ratio (%) 1s AL and the
diameter expansion ratio (%) 1s Aqg, the volume expansion
ratio was calculated by the following formula:

Volume expansion ratio (%)=(1+Aq/100)°x(1+AL/
100)x100.

5

10

15

20

25

30

35

40

45

50

55

60

65

14

[pH]

Each solid fuel was immersed in water at solid-liquid ratio
of 1:3, and pH values were measured.

[ Moisture Content of the Solid After Immersion 1n Water]

The solid fuel of each Example was immersed 1n water,
taken out after 168 hours, and the moisture on the solid
surface was wiped with a waste cloth to measure moisture
content of the solid. The moisture content was calculated by
the formula:

100x(weight of the solid after immersion in water-
dry weight of the solid after immersion in
water)/weight of the solid after immersion in
water.

| Mechanical Durability After Immersion in Water]

Mechanical durability of each example pellet after immer-
sion 1n water for 168 hours was measured by the same
method as before immersion in water.

Tables 1 and 2 show the results of Examples al to a4 and
Comparative Example a by the above measuring method. In
Examples al to a4, properties were altered by heating 1n
Examples al to a4, and HGI values (based on JIS M 8801)
were higher than that of Comparative Examples a (WP:
unheated biomass solid fuel after molding). A typical HGI
value for coal (bituminous coal) 1s around 30, and pulver-
1zing properties of Examples al to a4 are closer to coal and
better than Comparative Example a.

With respect to the mechanical durability (DU), 1n
Examples al to a4 (PBT) that have experienced the heating
step, the strength did not substantially decrease, and pow-
dering hardly occurred even compared with Comparative
Example a before water immersion (WP), and thus 1t i1s
indicated that the handleability was maintained. The
mechanical durability of the solid fuel of Comparative
Example a could not be measured because it was disinte-
grated by immersion 1n water.

Table 1 and FIG. 1 show that the BET specific surface
area increased with the rise 1n the heating temperature and
the pores developed with heating (thermal decomposition).
In addition, the average pore diameter becomes smaller with
the increase 1n heating temperature as in Example al and
subsequent Examples, indicating that a large number of finer
pores were generated. This 1s believed to be due to decom-
position of cellulose.

COD of Comparative Example a (WP: biomass solid fuel
obtained by only molding without heating step) 1s high, 1.e.
approximately 1100 ppm. In contrast, COD values of the
biomass solid fuels that have been heated at 250° C. or
higher are 1000 ppm or less, indicating that the elution of tar
component 1s low. Accordingly, it 1s shown that the biomass
solid fuels of Examples a2 to a4 are fuels having excellent
handling properties because the elution of tar component 1s
low even during outdoor storage. The COD values of the
biomass solid fuels of Examples al (230° C.) 1s 2200 ppm.
This 1s presumably because the tar component 1n the raw
maternial remains without being volatilized due to the rela-
tively low carbonization temperature, and tar component 1s
readily eluted due to decomposition of cellulose (cell wall
and the like) by carbonization. This 1s indicated by the fact
that the volatile matter and heat yield are significantly higher
in Example al than in Example a2, and thus 1t 1s an excellent
fuel 1n terms of 1gnitability and heating value.

Although slightly low values are observed for Example al
and Example a2, pH values are approximately about 6 1n all
of Examples al to a4, indicating that no particular problem
occurs concerming pH values of the discharged water when
Examples al to a4 are stored outdoor.




US 11,390,823 B2

15

From the results of the ball mill grindability of Examples
al to a4 and Comparative Example a, 1t was confirmed that
the pulverizing point increases as the heating temperature
1ncreases.

16

and they did not disintegrate. Thus, since solid forms were
maintained even after immersion, measurement of moisture
content was possible, and thus the generation of water
resistance was confirmed. This indicates that Examples b1 to
b4 have advantageous properties as a solid fuel which 1s

The solid fuel of Comparative Example a (WP) was 5 _
disintegrated by immersion in water, and the measurement oﬁen Stor ed r:'Jutdoor s. From the resqlts Of_HGI and_ ball mill
of moisture content of the solid was impossible. In contrast, gnpflabllltyj it was shown that the gr mdabll%ty wds 1mpr01fed
it can be considered that the results of Example al to in Examples ]?1 to b4 as compared with Comparatnfe
Example a4 (PBT) were obtained because elution and solidi- Example b. With respect to COD, COD s I educed' H
fication of organic ingredients such as tar associated with 10 Examples b2, b3 and b 4 e compared Wlth. Comparatl}fe

g g

heating made the surface of the biomass solid fuel hydro- Example b. From ’ghe viewpornts of waler resistance (m01s-

15 ade 1 . y ture content after immersion, expansion ratio), solid yield,
phobic, indicating tl}at :,xampiles al o 34, (PBT) have mechanical durability and the like, Examples bl to b3 are
advantageogs properties as a solid fuel Whlch 1s often stored excellent, and solid fuels of Fxample b2 and Fxample b3
outdoors. Since each solid fuel al to a4 1s in a pellet form showed partlcularly excellent properties. In addition, it was
which has been compacted mainly 1n the radial direction and 15 ghown that the expansion ratios are particularly low in
theretfore the expansion 1n the radial direction becomes Examples b2 to b4.
large, (which 1s the same as Example b and Example c¢). It
1s shown that the expansion ratios 1n Examples a2 to a4 are Example ¢: Meranti
particularly low.

From the results of Examples al to a4 and Comparative 20  In Examples cl to c4 (PBT), except for using meranti as
Example a, by conducting a heating step after a molding step a biomass raw material, the biomass raw material was heated
to produce, the biomass solid fuel (PBT) can be obtained lo target temperatures (heating temperatures described 1in
with low cost, in which COD reduction, improvement in lable 1) 1n the same manner as Examples al to a4. Table 1
grindability, reduction of water absorption, improvement 1n and Table 2 show the properties of the resulting biomass
solid strength and improvement in yield have been achieved. 25 Solid fuel ¢ obtained after the heating step. In Comparative

Example ¢ (WP), the propertles thereol were measured using
Example b: Acacia the same raw materials as 1n Examples ¢l to ¢4 except that
the heating step was not carried out. Similar to Example a,

In Examples bl to b4 (PBT), except for using acacia as a since the moisture contents after immersion in water are

biomass raw material, the biomass raw material was heated 3¢ those after immersion for 168 hours, the moisture content in
. . . the solid fuel 1s considered to have substantially reached
to target temperatures (heating temperatures described in e : : :

. . H equilibrium. A binder 1s not used 1n Examples ¢l to ¢4 and
lable 1_) n the SAllle TAIICT d5 'jx‘?lmples 0 to a4. The Comparative Example c¢. The method of measuring each
properties C,}f the r f:esultmg blol}lass solid fuel b (_j,xamp!es bl property of the biomass solid fuel 1s the same as 1n the above
to b4) obtained after the heating step were measured 1n the Example a.
same manner as the above Example a. Tables 1 and 2 show 35 Comparative Example ¢ disintegrated immediately after
the results. In Comparative Example b (WP), the properties immersion in water. In contrast, in Examples c1 to c4, the
thereof were measured using the same raw materials as 1n bonding or adhesion between pulverized biomass particles
Examples bl to b4 except that the heating step was not  are maintained even after immersion in water, and they did
carried out. A binder 1s not used 1n Examples bl to b4 and not disintegrate and water resistance is improved. From the
Comparative Example b, as 1s 1n Example a. Since the 40 results of HGI and ball mill grindability, 1t was shown that
moisture contents after immersion in water are those after the grindability was improved in Examples ¢l to c4 as
immersion for 168 hours, the moisture content in the solid compared with Comparative Example c¢. With respect to
fuel b 1s considered to have substantially reached equilib- COD, COD was reduced in Examples c1 to ¢4 as compared
rium. with Comparative Example c¢l. From the viewpoints of

Comparative Example b disintegrated immediately after 45 COD, mechanical durability and solid yield, Examples c1 to
immersion in water. In contrast, in Examples bl to b4, the c3 are excellent, and Examples ¢2 and ¢3 are particularly
bonding or adhesion between pulverized biomass particles excellent. In addition, 1t was shown that the expansion ratios
are maintained even after immersion in water (168 hours), were particularly low in Examples ¢2 to a4.

TABLE 1
property
solid fuel O/C H/C
heating yield thermal ratio (molar  (molar HGI
tree temperature (dry)  yield FC VM FC/VM HHV O H C ratio) ratio)  HGI ratio
species Unit

of kcal/  wt

raw wt %-  wt %- kg- %-  wt%-  wt %-

materials  Example °C. wt %0 % AD AD dry  dry dry dry

rubber Comp- 23 100.0  100.0 13.0 74.3 0.17 4,613 43.6 5.6 48.4 0.68 1.39 18 1.00

(Example Ex.a

a) Ex. al 230 94.2 97.6 15.4 74.9 0.21 4,777 425 5.7 49.7 0.64 1.3% 35 1.94

Ex. a2 250 82.4 90.8 20.3 71.2 0.29 5,081 39.1 5.7 53.0 0.55 1.29 45 2.50
Ex. a3 270 71.6 83.6 25.8 65.8 0.39 538> 359 5.6 56.1 0.48 1.20 49 272
Ex. a4 300 43.1 62.6 50.3 41.3 1.22 6,702 21.3 4.8 70.2 0.23 0.82 63 3.61
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TABLE 1-continued
property
solid fuel O/C H/C
heating yield thermal ratio (molar  (molar HGI
tree temperature (dry)  vield FC vM FC/VM HHV O H C rat10) ratio)  HGI  ratio
species Unit
of kcal/  wt
raw wt %-  wt %- kg- %-  wt%-  wt %-
materials  Example ° C. wt %0 % AD AD dry  dry dry dry
acacia Comp- 25 100.0  100.0 14.8 72.7 0.20 4,780 42.3 5.5 50.2 0.63 1.31 18  1.00
(Example Ex. b
b) Ex. bl 230 94.0 08.3 16.5 74.5 0.22 5,000 40.8 5.5 52.0 0.59 1.27 43  2.39
Ex. b2 250 83.7 93.7 20.2 72.1 0.28 5,225 38.2 5.5 54.6 0.52 1.21 52 2.89
Ex. b3 270 77.1 88.3 24.3 68.9 0.35 5477 36.0 5.5 56.7 0.48 1.16 55  3.06
Ex. b4 300 53.3 71.6 42.1 51.2 0.82 6417 235.7 5.1 66.8 0.29 0.92 62 344
meranti Comp- 25 100.0  100.0 13.7 74.3 0.18 4,759 42.2 5.5 50.6 0.63 1.30 23 1.00
(Example Ex.c
C) Ex. cl 230 95.0 99.4 16.0 74.7 0.21 4,978 40.8 5.6 51.8 0.59 1.30 33 143
Ex. ¢2 250 87.0 94.3 19.1 72.6 0.26 5,156 38.6 5.7 54.0 0.54 1.27 41 1.78
Ex. c3 270 78.8 89.4 23.4 68.3 0.34 5,398 36.2 5.5 56.5 0.4%8 1.17 55 2.39
Ex. ¢4 300 56.4 740 40.0 51.9 0.77 6,247 27.0 5.1 65.4 0.31 0.94 66  2.87
Comp-Ex. = Comparative Example
Ex. = Example
FC = fixed carbon (air dried basis)
VM = volatile matter (air dried basis)
HHY = dry-basis higher heating value
AD = air dried basis
dry = dry-basis
TABLE 2
before immersion in water
initial BET
tree ball dimension mechanical bulk  specific average total
species muill diameter  length durability bulk  density surface pore pore
of grindability (@pl) (L1) (DU) density  ratio area diameter volume
raw unit
materials  Example point Imim mim % kg/I. m?/g nm cm’/g
rubber Comp- 16.7 9.2 46.1 95.6 0.605 1.0 0.426 25.0 0.00266
(Example Ex. a
a) Ex. al 43.7 9.1 29.2 94.9 0.609 1.0 0.439 20.1 0.00221
Ex. a2 84.3 8.8 28.3 94.5 0.560 0.9 0.467 18.6 0.00218
Ex. a3 96.1 8.4 28.1 91.6 0.522 0.9 0.481 17.5 0.00210
Ex. a4 99.0 7.8 28.5 78.3 0.429 0.7 0.715 16.2 0.00290
acacia Comp- 5.3 8.1 22.4 98.3 0.723 1.0 0.313 24.0 0.0018%
(Example Ex.b
b) Ex. bl 25.8 7.9 25.1 97.2 0.684 0.9 0.378 22.4 0.00212
Ex. b2 72.9 7.7 22.9 95.2 0.656 0.9 0412 20.5 0.00211
Ex. b3 96.1 7.5 22.7 93.2 0.610 0.8 0.464 19.4 0.00225
Ex. b4 98.8 7.0 20.2 84.5 0.495 0.7 0.552 17.9 0.00246
meranti Comp- 19.6 8.1 22.6 98.1 0.776 1.0 0.296 26.4 0.00195
(Example Ex.c
C) Ex. cl 51.9 8.0 31.3 97.2 0.737 0.9 0.330 28.6 0.00236
Ex. c2 90.0 7.9 32.1 96.2 0.703 0.9 0.351 28.5 0.00251
Ex. ¢3 97.8 7.8 28.4 94.5 0.661 0.9 0.352 26.3 0.00231
Ex. ¢4 99.2 7.2 24.6 88.0 0.558 0.7 0.406 23 0.00233
after immersion in water
moisture
content
tree diameter length of mechanical
species diameter length expansion expansion solid durability
of COD (p2) (L2) ratio ratio pH 168 h (DU)
raw unit
materials Example mg/L mim mim % % wt %
rubber Comp- 1100 disintegration
(Example ExX. a
a) Ex. al 2200 10.5 31.1 15.4 6.6 4.89 40.4 85.2
Ex. a2 1000 9.1 28.6 3.4 1.0 5.18 32.4 94.4
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TABLE 2-continued

Ex. a3 460 8.7 28.3 3.2
Ex. a4 110 7.9 29.2 1.8
acacia Comp- 310
(Example Ex. b
b) Ex. bl 400 8.6 25.7 9.1
Ex. b2 300 8.0 23.2 4.1
Ex. b3 200 7.7 23.5 3.3
Ex. b4 47 7.1 20.5 1.3
meranti Comp- 560
(Example EX.c
C) Ex. cl 460 8.8 32.9 9.5
Ex. c2 250 8.2 32.6 3.8
Ex. c3 120 8.0 28.6 2.6
Ex. c4 43 7.4 24.8 2.7
Ex. = Example
Comp-Ex. = Comparative Example
Example d: Fucalyptus

In Examples d1 to d4 (PBT), except that eucalyptus was
used as a biomass raw material and was molded 1nto a pellet
shape having a diameter of 6 mm 1n the molding step, the
biomass raw material was heated to target temperatures
(heating temperatures described in Table 3) in the same
manner as Examples al to a4. The properties of the resulting
biomass solid fuel d (Examples d1 to d4) obtained after the
heating step were measured in the same manner as the above
Example a. Tables 3 and 4 show the results. In Comparative
Example d (WP), the properties thereof were measured
using the same raw materials as 1n Examples d1 to d4 except
that the heating step was not carried out. A binder 1s not used
in Examples d1 to d4 and Comparative Example d, as 1s 1n
Example a. Since the moisture contents after immersion 1n
water are those after immersion for 168 hours, the moisture
content 1n the solid fuel d 1s considered to have substantially
reached equilibrium.

Comparative Example d disintegrated immediately after
immersion in water. In contrast, in Examples d1 to d4, the
bonding or adhesion between pulverized biomass particles
are maintained even after immersion 1 water (168 hours),
and they did not disintegrate. Thus, since solid forms were
maintained even after immersion, measurement of moisture
content was possible, and thus the generation of water
resistance was confirmed. This indicates that Examples d1 to
d4 have advantageous properties as a solid fuel which 1s
often stored outdoors. From the results of HGI and ball mall
grmdablhty,, 1t was shown that the grindability was improved
in Examples dl to d4 as compared with Cemparatwe
Example d. With respect to COD, COD was reduced 1n
Examples d1 to d4 as compared with Comparative Example
d. From the viewpoints of water resistance (moisture content
alter immersion, expansion ratio), solid yield, mechanical
durability and the like, Examples d1 to d3 are excellent, and
solid fuels of Example d2 and Example d3 showed particu-
larly excellent properties. In addition, 1t was shown that the
expansion ratios are particularly low in Examples d2 to d4.

Example e: Teak

In Examples el to e4 (PBT), except for using teak as a
biomass raw material, the biomass raw material was heated
to target temperatures (heating temperatures described in
Table 3) 1n the same manner as Examples al to a4. The
properties of the resulting biomass solid fuel e (Examples el
to e4) obtained after the heating step were measured in the
same manner as the above Example a. Tables 3 and 4 show
the results. In Comparative Example e (WP), the properties

20

25

30

35

40

45

50

55

60

65

20

0.5 5.76 30.6 92.3
2.5 7.74 20.5 83.0
disintegration
2.7 4.77 24 96.2
1.2 4.95 21.1 96.1
3.5 5.29 21.3 94.6
1.7 6.47 19.2 86.7
disintegration
5.0 5.06 25.3 92.5
1.4 54 19.5 96.4
0.7 5.69 17.9 96.0
1.0 5.85 16.8 90.1

thereol were measured using the same raw materials as in
Examples el to e4 except that the heating step was not
carried out. A binder 1s not used in Examples el to €4 and
Comparative Example e, as 1s in Example a. Since the
moisture contents after immersion in water are those after
immersion for 168 hours, the moisture content in the solid
fuel b 1s considered to have substantially reached equilib-
rium.

Comparative Example ¢ disintegrated immediately after
immersion 1n water. In contrast, in Examples ¢l to e4, the
bonding or adhesion between pulverized biomass particles
are maintained even after immersion 1n water (168 hours),
and they did not disintegrate. Thus, since solid forms were
maintained even alter immersion, measurement of moisture
content was possible, and thus the generation ol water
resistance was confirmed. This indicates that Examples el to
¢4 have advantageous properties as a solid fuel which 1s
often stored outdoors. From the results of HGI and ball mall
grmdablhty,, 1t was shown that the grindability was improved
in Examples el to e4 as compared with Cemparatwe
Example e. With respect to COD, COD was reduced 1n
Examples el to e4 as compared with Comparative Example
¢. From the viewpoints of water resistance (moisture content
alter immersion, expansion ratio), solid yield, mechanical
durability and the like, Examples el to €3 are excellent, and
solid fuels of Example €2 and Example €3 showed particu-
larly excellent properties. In addition, 1t was shown that the
expansion ratios are particularly low 1n Examples €2 to 4.

Example 1: Mixture of Larch, Spruce and Birch

In Examples 11 to 13 (PBT), except for using a mixture of
50 wt % of larch, 45 wt % of spruce and 5 wt % of birch as
a biomass raw material, the biomass raw material was heated
to target temperatures (heating temperatures described in
Table 3) 1n the same manner as Examples al to a4. The
properties of the resulting biomass solid fuel T (Examples 11
to 13) obtained after the heating step were measured 1n the
same manner as the above Example a. Tables 3 and 4 show
the results. In Comparative Example 1 (WP), the properties
thereol were measured using the same raw materials as in
Examples 11 to 13 except that the heating step was not
carried out. A binder 1s not used 1n Examples {1 to 13 and
Comparative Example 1, as 1s in Example a. Since the
moisture contents after immersion 1 water are those after
immersion for 168 hours, the moisture content in the solid
fuel 1 1s considered to have substantially reached equilib-
rium.

Comparative Example 1 disintegrated immediately after
immersion in water. In contrast, in Examples {1 to 13, the
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bonding or adhesion between pulverized biomass particles
are maintained even after immersion in water (168 hours),
and they did not disintegrate. Thus, since solid forms were
maintained even alter immersion, measurement of moisture
content was possible, and thus the generation of water
resistance was confirmed. This indicates that Examples 11 to
13 have advantageous properties as a solid fuel which 1s
often stored outdoors. From the results of HGI and ball mill
grindability, 1t was shown that the grindability was improved

22

in Examples 11 to 13 as compared with Comparative
Example 1. With respect to COD, COD was reduced 1n
Examples 11 to 13 as compared with Comparative Example

f.

From the viewpoints of water resistance (moisture content

5 alter immersion, expansion ratio), solid yield, mechanical
durability and the like, Examples 11 to 13 are excellent, and
solid fuels of Example 12 and Example 13 showed particu-
larly excellent properties. In addition, 1t was shown that the
expansion ratios are particularly low 1n Examples 12 to 13.

Comp-Ex. = Comparative Example

Ex. = Example
FC = fixed carbon (air dried basis)

VM = volatile matter (air dried basis)
HHYV = dry-basis higher heating value

AD = air dried basis
dry = dry-basis

TABLE 3
solid fuel O/C H/C
heating yield thermal ratio (molar  (molar HGI
temperature (dry) yield FC VM  FC/VM HHV O H C ratio) ratio)  HGI  ratio
unit
kcal/
wt %-  wt %- kg-  wt%-  wt%- wt %-
° C. wt %0 % AD AD dry dry dry dry
25 100.0  100.0 13.0 75.5 0.17 4,687 44.0 5.2 49 8 0.66 1.25 20 1.00
230 92.3 98.2 16.4 75.6 0.22 4,984 41.6 5.1 52.2 0.60 .17 34 1.70
240 86.7 94.7 19.0 73.9 0.26 5,118 40.1 5.2 53.6 0.56 .16 33 1.65
250 79.9 90.8 22.7 70.1 0.32 35,326 37.7 5.3 56.0 0.50 1.14 335 1.75
270 69.0 83.5 29.5 63.2 047 5,672 34.0 5.1 59.7 0.43 1.03 42  2.10
25 100.0  100.0 15.7 69.9 0.22 4,552 420 5.3 47.9 0.66 1.33 20 1.00
230 92.3 96.9 18.2 69.9 0.26 4,776  39.7 5.3 50.4 0.59 1.26 22 1.10
240 87.0 93.7 20.4 68.6 0.30 4,903 381 5.3 51.8 0.55 1.23 29  1.45
250 80.5 89.7 24.1 65.4 0.37 5,069 3509 5.3 33.6 0.50 1.19 33 1.65
2770 70.0 82.9 29.8 59.6 0.50 35,389 324 5.1 57.0 0.43 1.07 39 1.95
25 100.0  100.0 12.4 75.8 0.16 4,752  43.7 5.5 50.4 0.65 1.31 17  1.00
230 93.7 97.4 13.3 77.1 0.17 4,939 428 5.3 51.4 0.62 1.24 21 1.24
250 89.2 95.3 15.6 76.3 0.20 35,076 41.3 5.5 52.8 0.59 1.25 22 1.29
270 79.6 90.3 20.6 72.3 0.28 5,391 385 5.4 55.6 0.52 1.17 32 1.88
40
TABLE 4
before immersion 1n water
initial BET
tree ball dimension mechanical bulk  specific average total
species mill diameter  length durability bulk  density surface pore pore
of grindability (¢pl) (L1) (DU) density  ratio area diameter volume
raw Unit
materials Example point mim Imm % keg/L m?/g nImn cm’/g
eucalvptus Comp- 15.4 6.2 28.3 97.1 0.752 1.0 0.134 28.1 0.00094
(Example Ex. d
d) Ex. dl 64.8 6.1 21.8 95.9 0.738 1.0 0.161 25.1 0.00101
Ex. d2 81.4 6.1 22.8 95.4 0.715 1.0 0.170 24.8 0.00105
Ex. d3 94.2 5.9 25.4 94.1 0.698 0.9 0.182 21.7 0.00099
Ex. d4 97.4 5.7 21.6 92.4 0.645 0.9 0.197 19.4 0.00096
teak Comp- 18.0 8.4 28.7 98.6 0.678 1.0 0.351 46.9 0.00411
(Example Ex.e
S) Ex. el 42.2 8.3 27.1 98.0 0.642 0.9 0.424 39.0 0.00414
Ex. e2 70.9 8.2 28.7 97.3 0.631 0.9 0.438 38.4 0.00420
Ex. e3 87.9 8.0 26.6 96.6 0.608 0.9 0.479 36.7 0.00439
Ex. e4 98.1 7.8 27.6 94.7 0.570 0.8 0.494 24.0 0.00297
larch + Comp- 7.7 8.1 22.6 99.5 0.713 1.0 0.113 18.6 0.00053
spruce + Ex.
birch Ex. 1 26.8 7.8 22.9 99.0 0.685 1.0 0.161 19.4 0.00078
(Example Ex. {2 50.5 7.8 22.9 98.4 0.662 0.9 0.199 20.8 0.00104
f) Ex. 13 88.9 7.7 22.8 97.0 0.619 0.9 0.218 18.1 0.00099
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TABLE 4-continued
after immersion in water
moisture
content
tree diameter length of mechanical
species diameter length expansion expansion solid durability
of COD tume (p2) (L2) ratio ratio pH 168 h (DU)
raw Unit
materials Example mg/l.  h mim mim % % wt % %
eucalyptus Comp- 950 168 disintegration
(Example Ex. d
d) Ex. dl 730 168 6.5 22.8 6.7 4.8 4.79 23.1 94.1
Ex. d2 580 168 6.3 23.0 3.4 1.2 4.91 20.4 95.9
Ex. d3 340 168 6.1 26.1 3.0 2.9 5.65 17.8 95.5
Ex. d4 110 168 5.9 22.1 2.4 2.3 6.25 18.4 94.7
teak Comp- 2000  16%8 disintegration
(Example Ex. e
€) Ex. el 1300 168 9.3 28.3 11.3 4.1 6.15 29.9 96.6
Ex. e2 890 168 8.6 29.1 5.4 1.4 6.04 26.8 97.6
Ex. e3 600 168 8.3 26.7 4.1 0.5 6.45 20.5 97.1
Ex. e4 260 168 8.0 277.8 2.8 1.0 7.16 24.2 96.1
larch + Comp- 3600 168 disintegration
spruce + Ex.
birch Ex. 11 950 168 8.8 24.0 12.4 5.0 4.95 28.6 98.4
(Example Ex. {2 740 168 8.2 23.6 5.7 3.1 4.95 23.4 98.7
f) Ex. 13 330 168 7.9 23.0 3.0 0.9 5.13 21.4 97.8
Comp-Ex. = Comparative Example
Ex. = Example
<Disintegration Test> 30 transportation, storage and the like. The results of Table 5

A disintegration test was carried out on the solid fuel
whose raw material 1s cheek 1n Example ¢ and the solid fuel
whose raw material 1s a mixture of larch, spruce and birch

in Example 1. Table 5 shows cumulative sieve-passed per-
centage of the biomass solid fuel e or 1 after subjected to the

Sieve

and FIGS. 14 and 15 show that while the sample particle size
alter rotation strength test has become finer as the heating
temperature becomes higher, all samples clear the evaluation

criteria described above and therefore they are handleable
without any problem.

TABLE 5

Example e: teak Example f: larch + spruce + birch

opening Comp-

min EX. e
16 100.0
9.5 03.5
4,75 5.8
3.35 4.9
2 4.0
1 2.8
0.5 1.6
0.3 1.0
0.15 0.4
0.075 0.1

Comp-

Ex.el Ex.e2 Ex.e3 Ex.ed4 Ex.f Ex.f1 Ex. 12 Ex. 13
100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

13.1 14.1 20.0 26.4 3.0 4.8 7.3 10.9
11.3 12.2 17.4 22.6 2.8 4.5 6.5 10.0
9.2 9.7 14.0 18.3 2.3 3.8 5.8 8.7
6.5 7.1 10.2 14.0 1.5 2.8 4.7 7.1
4.3 4.8 7.0 10.0 0.8 1.8 3.4 5.3
2.9 3.3 5.0 7.4 0.4 1.1 2.4 3.8
1.4 1.7 2.8 4.2 0.1 0.5 1.2 1.8
0.5 0.7 1.3 1.8 0.0 0.1 0.5 0.6

Comp-Ex. = Comparative Example

Ex. = Example

In the table, the umit of the mumerical value relating to the cumulative

sieve-passed percentage 15 “%”.

disintegration test, and FIGS. 14 and 15 show a particle size
distribution diagram. In order to evaluate the handling
characteristics of the pellets, disintegration test was per-
formed. 1 kg of sample was packed into a plastic bag and
was dropped 20 times from a height of 8.6 m, and subjected
to rotational strength test based on JIS Z 8841, to measure
the particle size distribution. The resulting particle size
distribution 1s shown 1n FIGS. 14 and 15. Herein, a sample
having a particle size distribution in which an amount of 2
mm sieve-passed particles 1s 30 wt % or less and an amount
of 0.5 mm sieve-passed particles 1s 15 wt % or less, 1s
determined as a sample having a handleable particle size 1n
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<Ignitability>

Furthermore, the inventors of the present invention mves-
tigated the thermal physical properties of the biomass solid
fuel of the present mmvention and the solid fuel obtained
through a step of steam exploding biomass as described in
Patent Document 1, respectively, and found out that the
biomass solid fuel of the present mvention 1s excellent in
1gnitability.

For the above Examples (a2), (b2) and (c2) and for
Comparative Example q which 1s a solid fuel obtained by
steam exploding a mixture of coniferous trees and broad-
leaved trees as a biomass raw material and molding it into




US 11,390,823 B2

25

biomass blocks and then heating the biomass blocks at 250°
C. (a solid fuel obtained by the production method described
in Patent Document 1), thermogravimetric measurement
(1TG) and differential thermal analysis (DTA) were carried
out. The measurement methods of TG and DTA are as
follows.

<TG and DTA>

TG and DTA were measured using an analyzer STA7300
manufactured by Hitachi High-Tech Sciences for simulta-
neously measuring differential thermal and thermogravim-
etry. 5 mg of the sample whose particle size was adjusted to
45 to 90 um with a cutter mill was heated 1n the above
analyzer at a rate of temperature rise of 5° C./min up to 600°
C. while 4 vol % of oxygen-nitrogen mixed gas was being
flowed at 200 cc/min and maintaimned at 600° C. for 60
minutes.

The results are shown in FIGS. 12 and 13. From the
results of TG, since Comparative Example q shows a slow
weight loss, volatile matter thereof 1s few and thus 1gnit-
ability thereof 1s low as compared with Example (a2),
Example (b2) and Example (c2). Also, from the results of
DTA, Comparative Example q shows that the heat genera-
tion occurs from the high temperature side and the 1gnit-
ability 1s low as compared with Example (a2), Example (b2)
and Example (c2). The reason for this 1s presumed as
tollows. In Comparative Example g, the biomass solid tuel
1s obtained by the method 1n the order of pulverizing and
drying, steam exploding, molding and heating the biomass,
and 1n the steam explosion, organic substances appear on the
surface of the pulverized biomass particles and are volatil-
1zed by subsequent heating (carbonization). On the other
hand, 1n the PBT of the present invention including the
Examples (a2), (b2) and (c2), 1t 1s inferred that residual
amounts of the volatile substances are large because of not
being subjected to the explosion step.

Thus, it 1s presumed that since the biomass solid fuel of
the present invention 1s obtained by the method not com-
prising the steam explosion step, 1t 1s excellent 1n 1gnitability
in addition to cost reducing as compared with Comparative
Example q.

Furthermore, 1t 1s presumed that since the residual amount
of the terpenes forming solid cross-linking 1n PBT increases
for the same reason and stronger solid crosslinking 1is
achieved, PBT of the present invention 1s superior to Com-
parative Example g 1n strength and water resistance.
<FT-IR Analysis of PBT and WP>

FIGS. 5 to 9 are charts showing the results of FI-IR
analysis of a biomass solid fuel r obtained from the Euro-
pean red pine as a raw material by the same method as the
Example a2 (solid fuel (PBT) obtained by pulverizing and
molding the raw material to a pellet form and heating at 250°
C.). In addition, the data of unheated solid fuel (WP)
obtained by pulverizing and molding the same raw maternal,
but with no heating 1s also shown. Both 1n the outer surface
of the pellet (FIG. §) and 1n cross-sectional center (FIG. 6),
the amount of COOH groups 1s WP>PB'T, and the amount of
C—C bonds 1s PBT>WP. Further, the amount of COOH
group eluted mto acetone extract (FIG. 7) 1s WP>PBT,
indicating that PBT has less hydrophilic COOH groups. In
addition, 1n the solids after acetone extraction (FIG. 8), the
PBT has more C—C bonds than WP. Thus, it 1s understood
that PBT 1s excellent in water resistance.

FIG. 9 1s a chart showing the results of GC-MS analysis
of the acetone extract solution. Solid fuel q (PBT) and
unheated solid fuel (WP) were used as FIGS. 5 to 8. As
shown 1n FIG. 9, the eluted amount of the abietic acid and
the like, which 1s a kind of terpenes, to acetone 1s smaller in
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the case of PBT than in the case of WP. Thus, the results are
considered showing that abietic acid melted by heating to
form liquid cross-linkage, and solid cross-linkage was
formed by the volatilization of abietic acid and the like. It 1s
presumed that since the biomass solid fuel of the present
invention 1s also PBT obtained by molding and heating
pulverized biomass particles, PBT 1s excellent in water
resistance by the same mechanism as the biomass solid fuel
g.
<Water Absorption Distribution in PBT and PAT>

In order to compare the water resistance of PAT and PBT,
the inventors of the present invention examined sodium
distribution of the biomass solid fuels after water absorption
using saline solution. As a sample of PAT, a solid fuel
obtained by heating a raw material of European red pine at
250° C. and then molding into pellets having diameter of 6
mm was used. As a sample of PBT, a solid fuel obtained by
molding a raw material of European red pine into pellets
having diameter of 6 mm and then heating 1t at 250° C. The
PBT and PAT were immersed 1n 0.9 wt % saline solution for
5 days. As a result, as FIG. 10 shows the appearance of
pellets, the PBT maintained its pellet shape (FIG. 10, left),
whereas the PAT disintegrated largely (FIG. 10, right).
Further, for PAT and PBT each, samples before and after
immersion 1 0.9 wt % saline solution for 5 days were
analyzed at their cross section by EPMA (Electron Probe
MicroAnalyser) analysis, to compare Na distribution. In the
PBT, Na distribution remains at the surface of the pellet and
does not penetrate into the inside, whereas, 1n the PAT, Na
1s widely distributed into the inside (see FIG. 11). This
means that penetration of saline solution is less in the PBT
than in the PAT. From this result, 1t 1s presumed that in PBT,
the thermal decomposition products of extracted compo-
nents make a solid cross-linking 1n the gap between adjacent
pulverized biomass particles and become hydrophobic to
prevent the penetration of water, whereas, in PAT, since
water can penetrate into the gap between pulverized biomass
particles, water permeates into the inside of pellets and
expands the gap between pulverized biomass particles, lead-
ing to the disintegrate.

The mnvention claimed 1s:
1. A molded-then-torrefied biomass solid fuel obtained by
a method comprising molding pulverized biomass particles
into unheated biomass blocks and then torrefying the
unheated biomass blocks 1n a furnace, without performing a
stecam explosion, wherein mutual bonding or adhesion
between pulverized biomass particles 1s maintained after
immersion in water, and wherein the molded-then-torrefied
biomass solid fuel has a chemical oxygen demand (COD) of
3000 ppm or less, and wherein at least one condition
selected from the group consisting of the following condi-
tions (a3) to (13) 1s satisfied:
condition (a3): the raw material of the pulverized biomass
particles 1s rubber tree and the molded-then-torrefied
biomass solid fuel has a BET specific surface area of
0.43 m®/g to 0.80 m*/g;
condition (b3): the raw material of the pulverized biomass
particles 1s acacia and the molded-then-torrefied bio-
mass solid fuel has a BET specific surface area of 0.32
m*/g to 0.60 m*/g;
condition (c3): the raw material of the pulverized biomass
particles 1s meranti and the molded-then-torrefied bio-
mass solid fuel has a BET specific surface area of 0.30

to 0.45 m®/g;
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condition (d3): the raw material of the pulverized biomass
particles 1s eucalyptus and the molded-then-torrefied

biomass solid fuel has a BET specific surface area of

0.135 m*/g to 0.210 m*/g;
condition (€3): the raw material of the pulverized biomass
particles 1s teak and the molded-then-torrefied biomass

solid fuel has a BET specific surface area of 0.355 m*/g
to 0.550 m*/g; and

condition (13): the raw material of the pulverized biomass

particles 1s a mixture of larch, spruce and birch and the
molded-then-torrefied biomass solid fuel has a BET

specific surface area of 0.150 m*/g to 0.250 m™/g.
2. The molded-then-torrefied biomass solid fuel according,
to claim 1, having a fuel ratio (fixed carbon/volatile matter)
of 0.15 to 1.50, dry-basis higher heating value of 4500 to

7000 (kcal/kg-dry), a molar ratio of oxygen O to carbon C
(O/C) of 0.1 to 0.7, and a molar ratio of hydrogen H to

carbon C (H/C) 1s 0.70 to 1.40.

3. The molded-then-torrefied biomass solid fuel according,
to claim 1, having an equilibrium moisture content after
immersion 1n water of 10 to 65 wt %.

4. The molded-then-torrefied biomass solid fuel according,
to claim 1, having a diameter expansion ratio after immer-
sion 1n water ol 20% or less.

5. The molded-then-torrefied biomass solid fuel according,
to claim 1, having a length expansion ratio after immersion
in water of 10% or less.

6. The molded-then-torrefied biomass solid fuel according
to claim 1, having a volume expansion ratio after immersion
in water of 160% or less.

7. The molded-then-torrefied biomass solid fuel according
to claim 1, having COD (chemical oxygen demand) of 43
ppm or more.

8. The molded-then-torrefied biomass solid fuel according,
to claim 1, wherein at least one condition selected from the
group consisting of the following conditions (al) to (11) 1s
satisiied:

condition (al ): the raw material of the pulverized biomass

particles 1s rubber tree and the molded-then-torrefied
biomass solid fuel has COD of 2200 ppm or less;
condition (b1): the raw matenial of the pulverized biomass
particles 1s acacia and the molded-then-torrefied bio-
mass solid fuel has COD of 400 ppm or less;
condition (c1): the raw material of the pulverized biomass
particles 1s meranti and the molded-then-torrefied bio-
mass solid fuel has COD of 460 ppm or less;
condition (d1): the raw material of the pulverized biomass
particles 1s eucalyptus and the molded-then-torrefied
biomass solid fuel has COD of 730 ppm or less;
condition (el ): the raw material of the pulverized biomass
particles 1s teak and the molded-then-torrefied biomass
solid fuel has COD of 1300 ppm or less; and
condition (I1): the raw material of the pulverized biomass
particles 1s a mixture of larch, spruce and birch and the
molded-then-torrefied biomass solid fuel has COD of
950 ppm or less.
9. The molded-then-torrefied biomass solid fuel according,
to claim 1, wherein at least one condition selected from the
group consisting of the following conditions (a2) to (12) 1s
satisfied:
condition (a2): the raw material of the pulverized biomass
particles 1s rubber tree and the molded-then-torrefied
biomass solid fuel has COD of 110 ppm or more;

condition (b2): the raw material of the pulverized biomass
particles 1s acacia and the molded-then-torrefied bio-
mass solid fuel has COD of 47 ppm or more;
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condition (c2): the raw material of the pulverized biomass
particles 1s meranti and the molded-then-torrefied bio-
mass solid fuel has COD of 43 ppm or more;

condition (d2): the raw material of the pulverized biomass
particles 1s eucalyptus and the molded-then-torrefied
biomass solid fuel has COD of 110 ppm or more;

condition (e2): the raw material of the pulverized biomass
particles 1s teak and the molded-then-torrefied biomass

solid fuel has COD of 260 ppm or more; and

condition (12): the raw material of the pulverized biomass
particles 1s a mixture of larch, spruce and birch and the

molded-then-torrefied biomass solid fuel has COD of

330 ppm or more.

10. The molded-then-torrefied biomass solid fuel accord-
ing to claim 1, wherein at least one condition selected from
the group consisting of the following conditions (a4) to (14)
1s satisfied:

condition (a4): the raw material of the pulverized biomass

particles 1s rubber tree and the molded-then-torrefied
biomass solid fuel has COD of 2500 ppm or less;
condition (b4): the raw material of the pulverized biomass
particles 1s acacia and the molded-then-torrefied bio-
mass solid fuel has COD of 400 ppm or less;
condition (c4): the raw material of the pulverized biomass
particles 1s meranti and the molded-then-torrefied bio-
mass solid fuel has COD of 550 ppm or less;
condition (d4): the raw material of the pulverized biomass
particles 1s eucalyptus and the molded-then-torrefied
biomass solid fuel has COD of 900 ppm or less;
condition (e4): the raw material of the pulverized biomass
particles 1s teak and the molded-then-torrefied biomass

solid fuel has COD of 13500 ppm or less; and

condition (14): the raw material of the pulverized biomass
particles 1s a mixture of larch, spruce and birch and the

molded-then-torrefied biomass solid fuel has COD of

1200 ppm or less.

11. The molded-then-torrefied biomass solid fuel accord-
ing to claim 1, wherein at least one condition selected from
the group consisting of the conditions (a3), (c3), (d3), (e3)
and (13) 1s satisfied.

12. A method of manufacturing the molded-then-torrefied
biomass solid fuel according to claim 1, comprising:

molding the pulverized biomass particles into unheated

biomass blocks, and

torretying the unheated biomass blocks without perform-

ing a steam explosion to obtain a torrefied solid prod-
uct, wherein the torrefied solid product 1s used as the
biomass solid fuel; wherein

the torretying temperature 1s 150° C. to 400° C., a raw

material of the biomass comprises at least one selected
from the group consisting of rubber tree, acacia, mer-
anti, eucalyptus, teak, and a mixture of larch, spruce
and birch, and

the molded-then-torrefied biomass solid fuel has fuel ratio

(fixed carbon/volatile matter) of 0.15 to 1.50, dry-basis
higher heating value of 4500 to 7000 (kcal/kg-dry), a
molar ratio of oxygen O to carbon C (O/C) 01 0.1 t0 0.7,
and a molar ratio of hydrogen H to carbon C (H/C) 1s
0.70 to 1.40.

13. The method of manufacturing a biomass solid fuel
according to claim 12, wherein B/A=0.6 to 1 is satisfied,
wherein A 1s a bulk density of the unheated biomass blocks
and B 1s a bulk density of the heated solid product.

14. The method of manufacturing a biomass solid fuel
according to claim 12, wherein H2/H1=1.1 to 4.0 1s satisfied,
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wheremn H1 1s a HGI (Hardgrove grindability index) of the
unheated biomass blocks and H2 1s a HGI of the heated solid

product.

30
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